Aluminum doped with Manganese (AlMn) forms a superconducting alloy with the transition temperature suppressed by the added Manganese. We present quasiparticle density of states measurements on superconducting AlMn alloys made by current-voltage measurements on normalmetal/insulator/supercondutor tunnel junctions. The density of states remains BCS-like with a reduced gap, matching the predictions of Kaiser. However we measure additional subgap states not predicted by Kaiser, and demonstrate that these subgap states will harm some potential applications.
I. INTRODUCTION
Impurities in solids are widely studied in part because they offer the opportunity to alter and sometimes improve material properties. The description of impurities in s-wave superconductors begins with the Anderson model where ions with a localized magnetic moment from d-band states are dissolved in a nonmagnetic host 1 . Whether the impurities retain their magnetic character in the host depends largely on the relative magnitude of the width, Λ, of the localized electronic states after hybridization with the conduction electrons and the splitting, ν, of the localized spin-up and -down states due to Coulomb repulsion. For Λ ν, the well known result of Abrikosov and Gor'kov 2 (AG) is obtained in which impurities retain their magnetic character and suppress the critical temperature T c and energy gap ∆. A defining characteristic of this regime is that the quasiparticle density of states (DOS) is heavily distorted and, in particular, the singularity at the gap-edge is smoothed out for any appreciable suppression of T c . For Λ ν, localized spin-up and -down states are equally populated and the impurities lose their magnetic character. This regime is considerably less well studied, but has been described by Kaiser 3 . In recent work, by O'Neil et al., an important prediction of the theory of Kaiser was verified; namely that nonmagnetic impurities can significantly suppress T c and ∆ while retaining a BCS-like DOS 4 . This prediction was verified by measurements of electronic tunneling into superconducting Al films doped with Mn.
The measurements of O'Neil et al. showed increased sub-gap states and gap-edge smearing compared to Kaiser's DOS predictions. It was suspected that some portion of the deviation from Kaiser's DOS pedictions was due to additional non-Mn impurities in the Al. Here we present additional tunneling measurements on cleaner AlMn films. Our results show that the unwanted impurities were causing significant distortion to the DOS. However, measurements from cleaner AlMn still show sub-gap states and gap-edge smearing at a significant level.
The ability to vary the properties of superconductors is often useful. For example, the ability to tune T c of a proximity-coupled superconductor-normal metal bilayer has enabled resistive thermometers for experiments ranging from the search for weakly interacting dark matter 5 to alpha particle detectors for nuclear forensics 6 . Some types of low temperature devices exploit the highly nonlinear DOS found in a BCS superconductor, and for these devices, the use of nonmagnetic impurities to tune ∆ while preserving the gap-edge singularity in the DOS is attractive. Thin-film electron-tunneling refrigerators are one such type of device 7, 8 . Electron tunneling refrigerators use the singularity at the gap-edge of the density of states as a filter to selectively remove the hottest electrons from a normal metal. To date, Al has been used as the superconductor in these devices because of its desirable oxide properties and because ∆ in Al is optimally sized for cooling from 300 mK. Thermal modeling shows that cooling from 100 mK would work better with a superconductor with a smaller ∆ than Al. While Al is well suited for cooling from 300 mK, the ability to controllably suppress ∆ while retaining a BCS-like DOS raises the possibility of improved cooling below 100 mK without losing the oxide properties of Al. We present DOS measurements via normal-metal/insulator/superconductor tunneling which show that AlMn will not cool better than Al below 100 mK because Mn doping introduces additional sub-gap states.
II. METHODS
We make superconductor/insulator/normalmetal/insulator/superconductor (SINIS) tunnel junctions where the superconducting electrodes are either elemental Al or AlMn. The low temperature currentvoltage relation of SINIS junctions depends strongly on the DOS of the superconducting electrode. We chose not to use the superconductor/insulator/superconductor (SIS) tunneling technique because of (1) snapping to the supercurrent branch of the current-voltage curve when probing the deep sub-gap, (2) current-voltage relation at the gap edge due to high injected quasiparticle densities that prevents interpretation of the data 9 , and (3) the higher sub-gap resistances of SIS junctions that require amplifiers with greater input impedance.
Co-sputtering is used to study DOS as a function of Mn concentration in Al. We co-sputter from an elemental Al target and an AlMn target with ∼4200 ppm (by number of atoms) of Mn. By varying the sputter rates from each target independently, we can achieve any concentration from zero to the full concentration of the AlMn target. We calculate the concentration of the deposited AlMn based on previous measurements of the deposition rates of the two sputter guns. Three different AlMn sputter targets were used for these measurements, referred to as T1, T2, and T3. The AlMn targets were purchased commercially and prepared by vacuum melting. We sent a sample of the source material from each target another commercial lab for analysis. The results of these analyses are shown in Table I along with results from an elemental Al sputter target. Targets T1 and T2 had significant unwanted impurities, while target T3 is has no impurities above the 30 ppm level. Target T1 was used in earlier work that led to the effort described in this paper to use cleaner AlMn 4 . Target T3 is the cleanest target we were able to purchase.
The SINIS structures are fabricated on 75 mm oxidized silicon wafers. A 50 nm film of AlMn is deposited on the wafer to form the normal-metal base electrode. We use standard photo-lithography techniques to pattern the base electrode and all subsequent layers. The base electrode is wet etched. Then we deposit Si0 2 to form an insulating layer, and use a plasma etch to create vias, which define the junction locations, over the base electrode. The wafer is then placed in a deposition system where it is ion milled to remove the native oxide that has formed on the base electrode. The wafer is moved to the load lock where it is exposed to high purity O 2 gas to grow the tunnel barrier oxide. A typical wafer sees 0.7 kPa (5 Torr) for 20 minutes. Then the wafer is returned to the deposition chamber, without breaking vacuum, and the superconducting electrode is deposited. The superconducting electrode is 500 nm of Al or co-sputtered AlMn. A typical SINIS structure for these measurements contains two 7x7 µm 2 junctions in series, with a total normal state resistance of 100 Ω. We try to achieve high resistance-area products to minimize the effects of self cooling on the current-voltage relations.
Completed devices are cooled in an adiabatic demagnetization refrigerator (ADR) with a base temperature of about 60 mK. Four wire measurements of the current-voltage relations of the SINIS tunnel junctions are recorded at many temperatures between the base temperature and T c . A programable voltage source and a 0.1-10 MΩ bias resistor are used to provide a current bias. The SINIS current is determined by measuring the voltage across the bias resistor. The SINIS voltage is measured with a nanovoltmeter. The T c of the counter electrodes of each SINIS device are determined from resistance measurements vs temperature.
The DOS is extraced from the current-voltage relations by comparison to theory. We parameterize the normalized DOS, N S , for energy E by,
This is the familiar BCS relation with a small imaginary component, Γ, added to the energy. The Dynes parameter, Γ, represents smearing of the BCS gap edge singularity and additional states in the sub-gap region due to finite quasiparticle lifetime 10 . If the smearing is caused solely by finite quasiparticle lifetimes, then the uncertainty relationship gives τ R Γ =h, where τ R is the quasiparticle relaxation time.
The current voltage relationship for a single NIS junction whose normal electrode is at temperature T is
where V is the voltage across the junction, R N is the resistance of the junction at temperatures above T c , e is the electron charge, N S (E) is the normalized DOS in the superconducting electrode, E is the excitation energy relative to the fermi level, and f (E, T ) is the fermi function 11 . The current-voltage relationship is diode-like with very low current in the sub-gap region where V < ∆/e. The current rises sharply near V = ∆/e, and for V ∆/e the junction behaves like a resistor with resistance R N . Because the current is symmetric in voltage, it is easy to extend analysis to SINIS structures. Self cooling causes T to be colder than the temperature of the ADR. We correct for this by solving for T with a model for power balance in NIS refrigerators 12 . The devices shown here self cool from a bath temperature of 75 mK to 45-55 mK at the optimal cooling bias. The optimal cooling bias occurs near V = 0.9 · ∆/e. The self cooling depends on many parameters of the SINIS junctions including R N , 4 , and were determined by least squares fits to the data from target T3 (blue squares). The Tc data follows the Kaiser theory much better than the AG theory. Solid red stars show low temperature resistivity vs concentration for samples from the T1 target. Resistivity at a given concentration should be similar for each target because the total non-Mn impurities are a small fraction of the Mn impurities.
Γ, ∆, and the quasiparticle return parameter β defined by Clark 12 . The effect of self cooling on the sub-gap behavior is small at 75 mK.
III. Tc AND RESISTIVITY RESULTS
Prior to junction fabrication, the dependence of T c on Mn concentration was assessed using a set of 10 µm wide and 100 µm long AlMn resistors with different concentrations of Mn. For each resistor we measured T c , room temperature resistance and 4 K resistance. Resistivity, ρ, is calculated by RA/L where A is the cross sectional area and L is the length of a resistor. Figure 1 shows T c and 4 K resistivity vs Mn concentration, along with predictions by both AG and Kaiser theory. The definitions of the fitting parameters are found in previous work 4 . These data do not concern the primary focus of this paper, which is sub-gap states. We present these data because they may be useful, and because they are more accurate than the similar data presented in our previous work.
IV. CURRENT-VOLTAGE RESULTS
We use current-voltage data taken at 75 mK and the model described in section II to determine ∆ and Γ. At 75 mK ∆ is equal to its zero temperature value ∆ 0 for all samples measured. Low temperatures are desirable because the current-voltage curves are more affected by thermal smearing and self cooling at higher temperatures and the role of Γ is obscured. Normal state resistance, R N , depends on the oxide thickness and junction area, and is easily measured either above T c or at voltages greater than 2∆/e. The energy gap, ∆, primarily affects the voltage at which the current sharply increases. The Dynes parameter, Γ, primarily affects the level of current in the sub-gap region and also smears the features at the gap. Figure 2 shows measured current-voltage relations for 3 SINIS devices along with the best fit theory curves used to extract ∆ and Γ. The ratio ∆/(k b T c ) = 1.9 was found to be constant with Mn doping. Figure 3 shows extracted values of Γ vs Tc from the best examples of SINIS devices made with many source targets and with values of ∆ from 60 µeV to 190 µeV. An inset shows a larger number of devices, including devices with poor oxide characteristics. Pinholes and other defects in the oxide tunnel barriers can cause an increase in sub-gap conductance that looks like an increased Γ. No known mechanism can cause a decrease in sub-gap conductance below that given by the DOS. Therefore we feel justified in picking out the lowest Γ value for each class of device (∆ and source target) as the best measurement of the fundamental value of Γ. The value of Γ for elemental Al is about an order of magnitude below that of the value for any doped AlMn sample. In addition samples made from target T1 had significantly higher Γ than those from T2 and T3. Differences between results from targets T2 and T3 fall within experimental uncertainty. Finally, devices with ∆ reduced to 80 µeV show slightly higher Γ values than 120 µeV devices.
V. DISCUSSION
These data show that most of the gap suppression in AlMn is not magnetic in origin, consistent with our earlier work. The DOS is much too sharp for the AG mechanism, and the suppression of T c with Mn concentration is inconsistent with AG. However, our results are not a full confirmation of Kaiser's theory. The observed values of Γ produce gap-edge smearing larger than that predicted by Kaiser. Figure 4 shows a comparison of Kaiser's theory to Equation 1 for material with ∆ reduced to 86 µeV. Kaiser predicts less smearing at the gap edge and does not predict any sub-gap states.
Whether the elevated Γ values that we observe are caused by the Mn doping, or by effects not included in Kaiser's theory such as the trace impurities other than Mn, or simple disorder is unclear. In regards to the possible role of impurities other than Mn, targets T2 and T3 have similar Γ values, but target T3 has lower concentrations of Co, Cu, In and W, suggesting that these elements do not strongly contribute to Γ. Our measurements do show that impurities of Fe and Co produce The primary parameters that go into these curves are ∆ which affects the voltage at which the current rises, and Γ which affects the level of the current in the sub-gap. The devices with ∆ equal to 86 µeV and 127 µeV were made with target T3, while the device with ∆ equal to 189 µeV was made with elemental Al. Two additional theory curves are included for the left most (∆=86 µeV) data set. These curves are generated with values of Γ equal to 1.2 and 0.8 times the best fit value. These additional curves are shown to provide an estimate of uncertainty for Γ, which we place at about ±20%. elevated Γ values because of the nature of these elements rather than because of the disorder introduced by their presence. Target T1 contains fewer impurities than target T2 by atomic ppm, but produces measurably higher Γ values, presumably due to the higher concentrations of Fe and Co in T1.
In regards to the possible role of disorder, the measurements of Barends el al. show that disorder in an Al film can shorten quasiparticle lifetimes 13 . If Dyne's original 
FIG. 4:
Comparison of various theories' predictions of density of states. The Kaiser theory was generated using parameters similar to those in Kaiser's original paper, altered to reduce ∆ to 86 µeV. The two Dynes curves are generated from Equation 1 using ∆=86 µeV and the shown values of Γ. One Dynes curve has Γ of 0.6 µeV, which is the measured value for ∆ of 86 µeV. The second Dynes curve has Γ 0.6 µeV, determined by a least squares fit to the shown Kaiser curve. AG theory is shown with a value of α, the pair breaking parameter, determined by a least squares fit to the Dynes curve with Γ of 0.6 µeV.
linkage between shortened quasiparticle lifetime and elevated Γ is maintained, then the disorder introduced by Mn doping may be responsible for the elevated Γ values that we observe. The number of defects in the Al films studied by Barends is much smaller than in this work, preventing direct comparison.
It is also possible (or not) that Mn impurities retain a weak magnetic character. In this view, AlMn alloys can be viewed as BCS superconductors with a reduced gap due to the dominant nonmagnetic scattering and elevated α values from low levels of magnetic scattering, where 2α is the effective pair breaking energy in AG theory 2 . Figure 4 compares AG to the measured DOS in a ∆=86µeV device, AG can explain the gap-edge smearing but does not predict sub-gap states. The value of α that would explain the gap-edge smearing does not affect T c . Other theoretical models besides those of Kaiser and AG may be relevant. Both Shiba 14 and ZBMH 15 predict sub-gap states forming as impurity bands in the sub-gap DOS. We have not attempted quantitative comparison to these models because our measurements are well fit by a simple continuum of sub-gap states. Kozorezov 16 has predicted that sub-gap states localized on magnetic impurities can significantly reduce quasiparticle lifetimes, which may increase Γ.
As far as we know, all tunnel junction based measurements of the value of Γ of elemental Al exceed 10 neV. By the uncertainty relationship, this value correspond to a quasiparticle lifetime of 65 ns, which is about 30,000 times less than that measured by Barends et al., with a method not involving tunnel junctions 13 . Therefore all junction-obtained values of Γ in elemental Al are probably dominated by effects related to barrier defects. A critic might claim that all of our results are simply measurements of barrier defects. Our barriers are achieved by oxidizing the base electrode, which is always AlMn with the Mn concentration chosen to drive the electrode fully normal. The fraction of Mn in the junction oxide is independent of the ∆ of the superconducting electrode. We can discount the possibility that the increased Γ values that we observe with increased doping values are simply caused by larger numbers of barrier defects.
VI. NIS REFRIGERATOR PERFORMANCE IMPLICATIONS
Electron tunneling NIS junction refrigerators are an attractive technology for cooling thin-film superconducting calorimeters and bolometers that rely on ultra low temperatures. NIS refrigerators cooling from a launch temperature, T l =100 mK could potentially cool to 15 mK. If so, experiments that currently require a dilution refrigerator may be possible with an adiabatic demagnetization or He 3 refrigerator, combined with one or more stages of NIS refrigerators. For optimal cooling, the size of the gap ∆ in the superconducting electrode of an NIS refrigerator should be roughly ten times k b T l . An NIS refrigerator cooling from 100 mK based on AlMn with T c = 600 mK has the potential to cool to lower temperature than one based on Al with T c = 1300 mK. The performance of an NIS refrigerator is dependent upon the sharpness of the gap edge in the BCS density of states. When the NIS refrigerator junctions are biased, a sharp gap edge (low Γ) will cause selective tunneling of electrons such that thermal power is removed from the normal-metal electrode. Increasing Γ smears the gap edge, reducing this selectivity, and degrading the NIS refrigerator performance.
Optimizing ∆ improves cooling, while increasing Γ has a negative effect on NIS refrigeration. We used a model for power balance in NIS refrigerators 12 to compare these two effects. Figure 5 shows the calculated base temperature for cooling from T l =100 mK vs Γ with two different ∆ values. These results show that an AlMn refrigerator will not perform better than an Al refrigerator because of the increased Γ associated with suppressing ∆.
In order for NIS refrigerators to benefit from optimizing ∆ with AlMn, Γ needs to be about a factor of 10 lower than it is in devices made with target T3. If disorder is the dominant source of sub-gap states, it seems unlikely suitable Γ values can be achieved with sputter deposition. However if magnetic effects from the 10 ppm of Fe in T3 are the dominant source of sub-gap states, it is possible that cleaner source material would allow NIS refrigerators to benefit from optimizing ∆ with AlMn. While it may be possible to make cleaner AlMn, it is at the least quite difficult based upon our experience acquiring material. If the Γ values result from residual magnetic scatting from Mn, further improvement will not be possible.
There are applications where a shorter quasiparticle lifetime may be desirable. The recovery time constant in Superconducting Kinetic Inductance Detectors (MKID) is set by the quasiparticle lifetime. Shorter lifetimes may enable operation of single photon MKID detectors at higher input count rates 17 . Also, AlMn superconducting quasiparticle traps may be more effective with short quasiparticle lifetimes.
VII. CONCLUSIONS
We have made measurements of the DOS and T c of Aluminum lightly doped with Mn by normalmetal/insulator/superconductor tunneling in very clean AlMn. Kaiser's essential predictions, that the density of states remains BCS-like and the gap reduces in proportion to the transition temperature, are supported. However, additional sub-gap states and gap edge smearing, not predicted by Kaiser, are observed. The origin of these states is not fully understood. Likely possibilities include decreased quasiparticle lifetime due to disorder or to residual magnetic impurities. While shortened quasiparticle lifetimes may be desirable for some applications, gap-smearing and sub-gap states are seldom desirable. In AlMn, these distortions to the BCS DOS outweigh the advantage of a reduced energy gap in NIS refrigerators optimized for cooling below 100 mK.
